A new method for the real-time evaluation of the conditions in a magnetized plasma is described. The technique employs an electronic 'mirror Langmuir probe' (MLP), constructed from bipolar rf transistors and associated high-bandwidth electronics. Utilizing a three-state bias waveform and active feedback control, the mirror probe's I-V characteristic is continuously adjusted to be a scaled replica of the 'actual' Langmuir electrode immersed in a plasma. Realtime high-bandwidth measurements of the plasma's electron temperature, ion saturation current and floating potential can thereby be obtained using only a single electrode. Initial tests of a prototype MLP system are reported, proving the concept. Fast-switching MOSFET transistors produce the required three-state voltage bias waveform, completing a full cycle in under 1 µs.
I. INTRODUCTION
Langmuir probes are commonly used to infer local electron temperatures, densities, and electric potentials in a wide range of plasmas [1] [2] [3] [4] . These include low electron temperature plasmas (~0.05 to ~5 eV) characteristic of materials processing facilities and small-size laboratory plasmas to moderate temperature (~5 to ~100 eV), high electron density (~10 20 m -3 ) plasmas, characteristic of the edge region in plasma-fusion confinement devices. In many situations of interest, the electrons are sufficiently self-collisional that their velocity distribution follows a single-temperature Maxwellian. Therefore, when such plasmas exhibit fluctuations and turbulence, one can track the local 'fluid-like' evolution of the plasma's density (n) and electron temperature (T e ). These plasma parameters can be determined from a Langmuir probe's currentvoltage (I-V) characteristic, i.e., the measurement of current passing through the electrode in response to an applied electrical bias. In fluid-like plasmas, the electron temperature is readily inferred; it is determined from the exponential increase of electron collection with applied voltage.
A variety of techniques can be used to record part or all of the I-V characteristic and to deduce plasma conditions based on the assumption of Maxwellian electrons: sweeping the bias voltage on a single electrode relative to a reference potential (single probe method), sweeping the bias on one electrode relative to another (double probe method), and applying a fixed differential bias to two electrodes while operating a third electrode in a 'floating' mode (triple-probe method). In most cases, the I-V characteristics are digitally recorded and the parameters of interest (electron temperature, density, floating potential) are determined by fitting the I-V data points with model functions. Direct measurement techniques, i.e., techniques that do not require _________________________________________________________________________ "Mirror Langmuir Probe", B. LaBombard and L. Lyons. the storage and post-processing of I-V data, have also been developed. These include the triple probe method [5] (directly yielding electron temperature, ion saturation current, and floating potential) and the harmonic detection technique [6] , involving a voltage-swept single or double electrode (directly yielding electron temperature). Further information on the benefits and drawbacks of these and some other techniques is included in Appendix A.
Most plasmas exhibit large-amplitude broadband turbulence, a topic that is an important area of scientific investigation. However, for Langmuir probe systems that are too slow to follow the time evolution of turbulence, such plasma fluctuations appear as 'noise' on the I-V characteristic. Because the electrode-plasma sheath exhibits a non-linear response to temperature and voltage fluctuations, plasma conditions inferred from the fitting of such 'noisy' I-V characteristics may have substantial error. Thus, even in applications where only the timeaveraged quantities are of interest, fast time-response measurements may in fact be required.
Unfortunately, high-bandwidth probe measurements can result in a significant datastorage and post-processing bottleneck. For example, in order to temporally resolve the plasma fluctuations that are typical of the edge of plasma-fusion confinement devices (e.g., [7] ), ion currents, electron temperatures and floating potentials must be recorded at bandwidths approaching 1 MHz. Therefore, the brute-force method of generating very fast I-V characteristics will be adequate only if each sweep is completed in under ~1µs; digital sampling of these analog signals must be done at a sufficiently high rate to resolve the curvature of the I-V characteristic (> ~10MHz), since this feature encodes the plasma electron temperature. While hardware does indeed exist to store and post-process gigabyte-size data streams, a method that produces realtime signals of the desired quantities is clearly preferred. The spatial structure of plasma turbulence can also affect the accuracy of Langmuir probe measurements. Double and triple probe methods assume that the plasma conditions are identical at all electrodes. However, in the presence of plasma turbulence, with its characteristic broadband k spectrum (e.g., [8] ), local conditions are undoubtedly different at each electrode location.
In view of these considerations, an ideal Langmuir probe diagnostic should satisfy at least three basic requirements: (1) operate at a high enough bandwidth to resolve plasma turbulence (~1 MHz, for the edge of plasma fusion experiments), (2) output real-time signals of ion saturation current, electron temperature, and floating potential, and (3) employ only one Langmuir electrode. To this end, we have developed a new concept for a Langmuir probe diagnostic system, which is capable of meeting these requirements. A key element of the system is a 'mirror Langmuir probe' (MLP) -a high bandwidth device constructed from rf transistors and associated electronics, which mimics the I-V response of a magnetized plasma-electrode sheath. This paper describes the overall concept as it is developed for a specific problemdiagnosing plasma turbulence in the edge plasma of the Alcator C-Mod experimental fusion reactor [9] . Although the scheme presented here is designed around the characteristic time scales, plasma densities and temperatures found in this environment, the concept can be readily adapted to other plasma environments.
Section II outlines the overall scheme for a mirror Langmuir probe diagnostic, utilizing the MLP device, active feedback control and a three-state probe-bias waveform. Section III discusses the theory behind the construction of the MLP from rf transistors and high-speed operational amplifiers. An example of a working circuit segment from a prototype MLP system is described in section IV. This circuit is part of an electronics package that is currently being _________________________________________________________________________ "Mirror Langmuir Probe", B. LaBombard and L. Lyons. assembled for Langmuir probes in the Alcator C-Mod tokamak [10] . The focus of the present paper is restricted to the underlying concepts for a MLP-based diagnostic; detailed information on the hardware under development for Alcator C-Mod will be forthcoming in a future publication.
II. MIRROR LANGMUIR PROBE DIAGNOSTIC
The mirror Langmuir probe diagnostic is based on a unique arrangement of standard, high-bandwidth electronic components. The main feature of the system is that it generates periodically-updated analog signals corresponding to the inverse of the electron temperature (1/T e ), the ion saturation current (I sat ), and the floating potential (V f ) of a plasma in contact with a single electrode. Figure 1 illustrates the key concepts involved: MLP exhibits an electrical response that is identical to that of the actual Langmuir probe except that it operates with scaled voltages and currents. example, can be digitally sampled and stored. The quality of the 'fit' to the Langmuir I-V characteristics that is obtained by this 'analog computer' can be readily assessed; simply compare the RMS amplitude of the error signal to the ion saturation current level. In addition, a small subset of I-V characteristics can be periodically digitized at high bandwidth (~50 MHz) to verify that the analog 'fit' of the I-V characteristic is appropriate, using standard analysis tools.
III. ELECTRONIC LANGMUIR PROBE -THEORY OF OPERATION
The Mirror Langmuir Probe exploits the following key observation: With suitably scaled voltages and currents, the non-linear I-V response of a bipolar transistor can be made to simulate the non-linear I-V response of a Langmuir probe.
From planar Langmuir probe theory [1] [2] [3] [4] , the current collected by an electrode, I p , at potential, V p , immersed in a plasma with a Maxwellian electron energy distribution at temperature, T e , is described by
Here, negative current corresponds to net ion current collected by the probe. The maximum ion current that can be collected corresponds to the 'ion saturation current', I sat . When the probe voltage is equal to V f , the probe 'floats', i.e., draws no net current. In practice, Eq. a magnetized plasma, i.e., a plasma where the cross-field ion orbit size is much smaller than the cross-field probe dimensions [1] [2] [3] [4] . Both conditions apply for the application presently being considered. In order to handle the exceptional cases, one could replace the "-1" term in Eq. (1) with a term that is weak function of probe voltage, appropriate for the probe geometry. While MLP circuits may be constructed to mimic these specific cases, they are not treated here.
The current through the collector, I c , of a bipolar transistor with base-emitter bias, V BE , follows the Ebers-Moll equation [11] ,
where α = 1/T RT , T RT is the temperature of the electrons in the transistor (at room temperature,
T RT is very close to 1/40 volts) and I s is the saturation current of the transistor. The exponential term is always much larger than 1 in the present application, so the "-1" term in Eq. (2) 
when
and Figure 3 shows a more complete example of a MLP circuit that would interface with the conceptual circuit shown in Fig. 1 . This circuit segment is part of a working prototype that is presently under development for Langmuir probe systems in the Alcator C-Mod experimental fusion reactor [10] . to manufacturing differences. In any case, the currents through Q1 and Q3 will be proportional at long as the temperatures of the transistors are the same. 
IV. ELECTRONIC LANGMUIR PROBE -EXAMPLE CIRCUIT

IV. FIRST RESULTS FROM PROTOTYPE CIRCUITRY
In order to test the principle and assess the potential performance of the mirror Langmuir probe scheme outlined above, we have performed some initial tests using prototype circuitry. each optically coupled to separate local power supply ground planes (HCPL 9000 [17] ). We find that these components can produced fast-changing output voltages (∂V/∂t exceeding ~4000V/µs) and drive ~2 amps currents for short periods of time (i.e., wave-train duration of ~ 1s) -ideal for biasing a Langmuir electrode on one of Alcator C-Mod's fast-scanning probe systems. For the test shown in Fig. 4 , the 'probe' was actually a 100 ohm resistor attached to 3.2 meters of 50 ohm coaxial cable. The TTL waveforms also shown in Fig. 4 are generated using an erasable complex programmable logic device (CPLD -ATF750C [18] ). Waveforms (c), (d) and (e) are used to trigger the MOSFET/GATE devices while waveforms (f), (g) and (h) select among the three feedback loops that control the mirror Langmuir probe (see Fig.1 ). These tests demonstrate that a three-state bias cycle can be completed in less than 1 µs, thus satisfying one of our stated design goals for an ideal Langmuir probe diagnostic. The waveforms also exhibit sufficiently long 'data sampling' time periods where the switching transients have settled. With further refinement, even faster switching waveforms may be possible. 
V. SUMMARY
A new concept for a Langmuir probe diagnostic is described. This diagnostic utilizes a novel, high-bandwidth 'electronic probe' to 'mirror' the I-V characteristic of a real Langmuir probe that is immersed in a magnetized plasma. Active feedback control and a three-state voltage bias system is used. The resultant 'analog computer' is capable of reporting the plasma's ion saturation current, floating potential, and inverse electron temperature in real time with a bandwidth of ~1 MHz. The theory of operation for such an electronic 'mirror Langmuir probe' (MLP) is described and an example circuit segment from a working prototype is discussed.
Initial test results demonstrate the feasibility of implementing the concept using standard electronic devices. Based on this conceptual framework, an optimized MLP package is presently being assembled for electric probes on the Alcator C-Mod tokamak. The results from this hardware development and an assessment of its performance will be reported in detail in a future publication [10] .
"Mirror Langmuir Probe", B. LaBombard and L. Lyons.
APPENDIX A -HIGH-BANDWIDTH LANGMUIR PROBE METHODS
A number of techniques can be used to measure plasma conditions at high bandwidth with Langmuir probes, each having advantages and disadvantages. (Note: all these techniques rely on the electron velocity distribution being well described by a single-temperature Maxwellian). While not meant to be an exhaustive list, the following techniques are noteworthy.
For comparison, we have added the 'mirror Langmuir probe' technique to the end of this list.
(a) Triple probe technique [5] -Three probes are operated simultaneously: a double probe with fixed differential bias and a single floating probe.
-Electron temperature is directly outputted, deduced from difference in floating probe and double probe potentials; ion saturation current and floating potential are also directly outputted.
-Advantage: direct readout of three plasma parameters.
-Disadvantage: plasma conditions must be identical at all three electrodes, even during turbulent fluctuations -a condition rarely satisfied.
(b) Admittance probe [19] -A single frequency voltage drive is applied to a Langmuir electrode and a "dummy" electrode through a capacitor bridge.
-Change in probe admittance induced by the plasma is deduced, which is proportional to ion saturation current divided by electron temperature.
-Advantage: direct readout of ion saturation current divided by electron temperature.
-Disadvantage: need additional probe to measure ion saturation current; again, plasma conditions must be identical at both electrodes. (c) Time-domain triple probe [20] -A double probe is operated with voltage bias switched between positive, negative and floating states.
-Resultant I-V characteristics are digitized at high sampling rate and stored.
-Electron temperature, ion saturation current and floating potential are unfolded in way similar to the "triple probe technique" from the different bias states, assuming that electron temperature is unchanged during the "floating" state.
-Advantage: requires two electrodes -an improvement over triple the probe method.
-Disadvantage: need to digitize, store, and post process large data stream; again, plasma fluctuations must be identical at both electrodes.
(d) Fast-swept single Langmuir probe (e.g., [21] ) -A fast voltage sweep is applied to a single Langmuir electrode, using a "dummy" electrode to null a balanced current-sensing bridge in the absence of plasma.
-I-V characteristics are fit numerically with a model function, yielding electron temperature, ion saturation current, and floating potential.
-Advantage: requires only one electrode.
-Disadvantage: need to digitize, store, and post-process a large data stream.
(e) Harmonic probe current detection technique (e.g., [22] ) -A pure frequency voltage drive is applied to a single Langmuir probe, using a "dummy"
Langmuir probe to null a balanced current-sensing bridge in absence of plasma.
-Ratio of first and second harmonic current signal is monitored with analog circuitry.
-An analog signal proportional to plasma electron temperature is outputted directly.
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-Advantage: direct readout of plasma electron temperature using only one probe; real-time feedback control of voltage bias waveform can be performed.
-Disadvantage: Additional probes needed for ion saturation current and floating potential measurements; again, plasma fluctuations must be identical at all electrodes.
(f) Mirror Langmuir Probe technique [this paper] -A fast-switching power supply is used to cyclically bias a single electrode into ion collection, electron collection, and near-floating bias states; an electronic device that mimics the I-V response of a magnetized plasma-electrode sheath, a 'mirror Langmuir probe', is also biased with the same waveform.
-Via active feedback control, the mirror probe's I-V characteristic is continuously adjusted to be a scaled replica of the 'actual' Langmuir electrode immersed in a plasma.
-Electron temperature, ion saturation current, and floating potential are directly outputted in real time from the mirror probe.
-Advantage: requires only one electrode; directly outputs three plasma parameters measured at the same spatial location; real-time feedback control of voltage bias waveform can be performed.
-Disadvantage: requires use of state-of-the-art electronics -fast-switching power supply and 'mirror Langmuir probe' device. Fig. 6 . Active feedback drives the 'error signal' to zero during the data-sampling times of the three bias states (highlighted bars). In this way, the three control parameters for the mirror Langmuir probe are dynamically adjusted and outputted: electron temperature, floating potential and ion saturation current.
